Abstract Disabled people require assistance with the motion of their lower limbs to improve rehabilitation. Exoskeletons used for lower limb rehabilitation are highly priced and are not affordable to the lowerincome sector of the population. This paper describes an exoskeleton lower limb system that was designed keeping in mind that the cost must be as low as possible. The forward kinematic system that is used must be a simplified model to decrease computational time, yet allow the exoskeleton to be adjustable according to the patient's leg dimensions.
Introduction
The 21st century has seen the realization of wearable robots. From their first introduction into the industrial workplace in the 1960s (Craig, 2005) , robots have developed at an incredible rate and now encompass almost every aspect of modern society. Wearable robots are defined as "a mechatronic system that is designed around the shape and function of the human body, with segments and joints corresponding to those of the person it is externally coupled with" (Mohammed and Amirat, 2008) . A bio-mechatronic system is needed for such wearable robots, which is the integration of biology, mechanical, electronic and computer engineering, as shown in Figure 1 (Naidu et al., 2012) . Due to technological developments, robotic exoskeleton systems have evolved from rudimentary prototypes with limited application to highly sophisticated devices. These systems have the ability to enhance the performance of humans and enable disabled individuals to perform actions according to the Activities of Daily Living (ADL).
There are approximately 250 000 cases of spinal cord injuries per annum in the United States of America alone (Koslowski, 2009 ). Severe trauma to the spinal cord may result in paraplegia or tetraplegia. Paraplegia is the loss of motor function in the lower extremities, usually with retained upper limb functions. Damage to the central nervous system or spinal cord injuries may result in such a loss of upper or lower limb motor functions (Stokes, 2010 ). An exoskeleton structure is required for individuals w lower limbs implementat Figure 3 , which permitted walking in a straight line. This straight line walking means that the hip, knee and ankle joints permit articulation of the limbs in the sagittal plane (Naidu et al., 2011b) . The ranges of motion for the joints are constrained such that hyper-extension and hyper-flexion do not occur. These ranges are tabulated in Table 1 (Naidu et al., 2011b) . Mechanical stops at the extremities act as a failsafe in the event of an electrical or software failure from the safety switches. Lower operational limits can be entered on a graphics user interface (GUI) should a patient need rehabilitation at lower angles. Both the hip and knee DOF were actuated, while the ankle joint was designed to be passive. A torsion spring mounted at the ankle was used to return the foot plate to a neutral position during the swing phase of the walking cycle. Data from clinical gait analysis (Riener et al., 2002) were evaluated to determine the joint torques for the actuated DOF. For a 100 kg system, the torque requirement for hip extension was 80 Nm. The torque required for knee extension during stair climbing was 140 Nm and 50 Nm during walking. Actuators were selected such that the maximum torque was met, which allows for the operator to be raised or lowered from a seated position. Electric linear actuators from Phoenix Mecano's LZ60 range were selected as they offered high speed/load capabilities and a less bulky design than direct mounted rotational actuators.
Customizable Kinematic Model
A kinematics analysis was undertaken for the lower limb exoskeletons. The Denavit-Hartenberg (D-H) convention was incorporated for assigning the reference frames. The transformation matrix shown in Equation (1), represents joint i relative to joint i-1. The exoskeletons are rigid serial mechanisms, which allow for the end-effecter to be represented relative to the fixed base frames (Craig, 2005) .
Where:
The lower limbs have identical kinematic chains, thus the fixed reference frame was defined at the hip, and the transformation matrices relating the ankle to the reference frame were found. These matrices can be seen in Equations (2) -(4), which have been derived from Equation ( 
The forward kinematics of the exoskeleton leg were obtained using Equation (5) (Craig, 2005 ). This kinematics model relates the end-effector to the origin of the base frame, which is represented by the GH joint.
Inverse Ki
The iteration Jacobian and kinematics.
The Jacobian This will res and n = 4.
The change i 2004).
J', λ and I factor and i factor comp result of sing
The multipli produces a computation error value i and the targ The algorith Figure 4 . . The f the ll be n of (6) f the verse 004). m = 3
Buss, Figure 6 . The back to Matla Figure 6 . Cont the exoskeleton
The microco linear actuat 1280 on an A on the actua feedback fro inaccurate re positions, wh therefore p themselves. shown in Fig   Figure 7 . Syste
Tests and R
The design o so as to have interaction of of the lower shown in Fig   A stand indicated on the GUI. An undershoot was observed by the hip joint, which is possibly due to the load on the actuators that damped the chance of an overshoot.
The operation of the biological leg and previous lower limb exoskeletons were researched. The mechanical properties of the biological leg were correlated to the design and development of the exoskeleton legs to allow rehabilitation in the sagittal plane. The objectives explained in the introduction were achieved. The integration of the electronic system to control and operate the mechanical system was explained in the paper. Safety implementation of the system was integrated mechanically, electronically and by means of software.
The research has developed a prototype system that allows for the rehabilitation of a person's lower limbs, which came to a total cost of under US$ 3,000.Satisfactory results were obtained to allow future work to be performed on the system.
Future Work
The actuators that were used in the prototype system had a low torque and speed which could be increased to allow rehabilitation of people with greater weight. Higher torque actuators that have a low weight ratio would be more beneficial, but would increase the cost. The prototype system could be improved and expanded for different types of applications. Adaptive control architecture could be implemented into the GUI model that will take into account the weight of the person. These variables could be determined by sensors placed on the exoskeleton lower limb system.
The designed lower limb exoskeleton system will allow for rehabilitation in an up-right position. Investigation of a lower limb rehabilitation system in a seated position could be considered, with the use of an impedance control system.
